INTRODUCTION
Recent advancements in voltage source converter (VSC) topologies that increase their power rating by adopting higher dc operating voltage, lower semiconductor losses and elimination of ac side filters have made them more attractive in many applications. Modular multilevel converter (MMC) is an emerging multilevel converter topology introduced in 2001 and it is highly appealing for medium and high voltage applications [1] . MMC modulation approaches have been divided to three main categories: Pulse width modulation (PWM), staircase modulation and Space vector modulation (SVM) [1] [2] [3] . The most common modulation technique used for MMC so far is phase shifted or carrier shifted PWM (CS-PWM) method [4] [5] [6] [7] . The main drawback of the typical PWM based methods is the increased switching losses of the converter switches, which is a big concern in systems with high number of sub modules. The SVM based techniques have also been used for MMC converters. SVM based modulation generally provides good utilization of the DC-link voltage, are simple to implement and can operate with reduced switching frequencies. However, as the number of voltage levels increases, the number of the redundant states increases, which in turn increases the complexity of the design in order to select the proper states for optimized operation. There are also some nonconventional modulation techniques such as SHE-PWM, which rely on look up tables. Staircase modulation renders low switching frequencies and a staircase waveform will be generated, following a sinusoidal envelope [7] . In this paper a new configuration is proposed for MMC, which uses unequal DC values, and minimal THD modulation technique, which is a staircase-based modulation, is used to switch the proposed MMC. THD and harmonics are compared with the typical MMC converter switched with CS-PWM. The proposed configuration is a good candidate for medium power applications such as PV inverters; drive applications or any other application that requires high voltage quality.
II. MMC SYSTEM STRUCTURE AND OPERATION PRINCIPAL
The single-phase configuration of Modular Multilevel Converter (MMC) topology is shown in Fig. 1 . MMC consists a series of half-bridge sub-modules, which are cascaded in series to form the phase-legs of the converter. Each phase-leg is made of an upper and a lower arm and each arm includes some series connected sub-modules. The arm inductor is necessary to limit the short circuit and circulating currents through the phase-leg. Sub-modules are connected in series and arm current flows through each of the sub-modules and affects the voltage of the capacitor. The capacitors are charged when a positive current flows through the arm of the converter, they discharge if arm current is negative and their voltage remains constant in case the sub-modules is not connected to the arm of the converter. The phase-legs of the converter can be configured either for single-phase or three-phase applications [8] . From  Fig. 1 , the upper and lower arm equations can be derived for the phase-leg of the converter. Each arm of the converter can be considered as a controllable voltage source with a value that depends on number of sub-modules in that arm and their switching states. The two switches in each submodule are complementary and table I shows the submodule output voltage in different switching states [9] [10] [11] [12] [13] .
Equations (1)- (6) 
III. MODULATION TECHNIQUE
The optimal modulation techniques are usually designed to meet specific harmonic limitations with minimum switching frequencies, additional filters or voltage levels. Elimination of low order harmonics is usually an important goal and few publications have focused on this issue in modular multilevel converters. A multilevel selective harmonic elimination (SHE) method has been recently proposed for MMC, which offers tight control of low-order harmonics and has the lowest switching frequency for power semiconductors among all modulation techniques [14] . SHE based methods have the crucial drawback of relying on look up tables with pre-calculated angles, which results in some problems in closed loop control of the system. A comparison of some famous low switching frequency modulation techniques is presented in table I. No optimal modulation has been proposed for modular multilevel converter that gives the limitation of voltage THD. The minimal THD modulation presented here will deal with this concern. In the minimal THD modulation, the switching angles can be calculated in real-time and the implementation does not rely on the look-up tables. Another critical limitation of some optimal modulations is that they are not suitable for the multilevel inverters with unequal or variable voltage steps but minimal THD modulation does not deal with this limitation. The minimal THD modulation is designed for the staircase modulation and it has three important advantages: minimization of voltage THD, realtime calculation, and compatibility using the inverter with unequal or variable voltage steps. The modulation block will monitor DC voltages and the updated modulation magnitude and calculates a set of switching angles based the minimal THD criteria to achieve the minimum THD; the proof has been presented in [15] . The calculations are rapid; therefore the switching angles can be figured out in real-time and no look-up tables are needed. Assuming a basic staircase modulation as Fig. 4 , there are s positive, s negative and a zero voltage stage and there will be a total of 2s+1 levels, which are defined as E 1 , E 2 ,.., Es. The voltage levels may vary or they might be constant, also based on the value of DC voltages a switching pattern can be defined to build the desired shape. The quantities θ 1 , θ 2 ,.., θ s are the switching angles that indicate the on or off instant of switches of the sub-modules. These angles are calculated based on the voltage steps and modulation at each instant. The control system of MMC operates based on the defined control targets and sends the modulation and timing information to the minimal THD algorithm. The THD minimization algorithm receives voltage step and signals form the system controller and calculates the switching angle such that THD is minimum. The algorithm comprises the following two steps and the flowchart in Fig. 2 explains the calculations [15] :
Step 1. Calculation of the modulation
Step 2. Finding the switching angles by evaluating arcsin k=1,2,..,s
At each instant the algorithm compares the calculated modulation with the modulation waveform from the converter control system and if the difference was less than a small pre-defined value (δ) it stops the iterations and calculates the switching angles from equation 10. 
IV. PERFORMANCE OF THE PROPOSED MODULATION TECHNIQUE
A modular multilevel converter with three sub-modules in each arm is simulated using PSCAD-EMTDC and modulated using the minimal THD modulation technique. The control structure of the MMC outputs the modulation waveform and phase (ωt rad/s) of the system which are the inputs to the angle calculator control block and the switching angles are calculated in real time based on inputs at each instant then the sub modules of MMC are switched based on a staircase modulation to generate the target waveform using a set of switching angles. Fig.3 shows the overall layout of the proposed system. One of the main advantages of the minimal THD modulation technique is being applicable to multilevel converters with unequal DC voltages. This paper proposes an alternative structure is for MMC with unequal DC values for different sub-modules. The sub-modules can also have different switching frequencies to improve THD or in other words the submodule or sub-modules with lower DC values can have higher switching frequencies to help the waveform shaping function or the output quality [16] . The proposed structure with unequal sub-module DC values also allows using different semiconductors for different sub-modules to decrease the losses.
The proposed system is simulated for an MMC with three cells in each arm when the DC voltages have VDC, 2VDC, 3VDC ratios, when the DC sources are unequal more voltage levels can be generated which improves the converters output voltage quality if the additional levels are used effectively. The conventional modulation techniques do not allow using the additional levels because the submodules randomly turn on or off. Sometimes a capacitor voltage balancing technique is incorporated and capacitors are sorted based on their instantaneous voltages so the submodules with lowest or highest capacitor voltage are switched first based on the direction of the arm current. The minimal THD modulation allows using the additional generated voltage levels between the old voltage levels. At each switching angle, θ 1 , θ 2 ,.., θ 6 the sub-modules are selected to turn on or off based on the new target waveform which has more levels than the conventional one for the same topology with the similar number of sub modules.
Figs 5-7 show the output voltage waveforms of a voltage controlled MMC in volts; the output voltage generated using typical MMC structure and minimal THD modulation is shown in Fig. 5 .The same topology is switched using carrier shifted modulation technique, which is a commonly used modulation technique for MMC and is shown in Fig.6 . Fig. 7 shows the proposed solution, which has the lowest THD amongst all three waveforms.
Comparing Figs 5-7, MMC converter with three submodules in each arm which have unequal values of 1VDC, 2VDC, 3VDC ratio switched with minimal THD modulation has the lowest THD which is 7.3% compared to the 15.45% for the conventional MMC with carrier shifted PWM and 11.3% for the conventional MMC that uses minimal THD modulation. Figs 8 and 9 show the harmonic spectrum of the MMC output voltage using this two modulation techniques and it can be seen that Fig. 9 has more harmonics and smaller fundamental magnitude. The output of the proposed structure has the highest fundamental magnitude and smaller high order harmonics compared to the others. Fig. 11 shows a visual comparison of the THD value for three mentioned cases. Table II. showed that one advantage of minimal THD modulation compared to other common fundamental frequency modulation techniques is online calculation of switching angles. Controller hardware in the loop is employed to verify the online performance of the algorithm. Firing signals are generated using a DSP controller and sent to RTDS using digital input ports. The power stage is modeled in RSCAD, which includes an MMC inverter with three half-bridge modules and an inductor in each arm. Table III shows specifications of the modeled system in RTDS. Fig.12 shows the digital input signals to RTDS, which is the pulse pattern, generated in the DSP controller and applied to the MMC switches in RTDS. The MMC output voltage generated in RTDS is shown in Fig.13 . THD and loss are important concerns in power converters. This paper proposed an alternative structure for modular multilevel converter with unequal DC values for different sub-modules that uses minimal THD modulation technique for switching. The proposed structure showed an improvement in voltage quality comparing to the current solutions. Moreover, it allows using different type of semiconductors or different switching frequencies for different sub-modules, which can further improve the output quality and converter efficiency. The proposed system was modeled in PSCAD and voltage waveforms and their harmonic spectrums were shown and compared. Controller hardware in the loop was also implemented using RTDS to verify the online calculation of switching angles.
